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Available online 20 May 2016AbstractA series of SnTe-AgSbSe2 composites were synthesized by a zone-melting method. The nanostructure of the composites was determined by
the high resolution transmission electron microscope. The results show that the lattice thermal conductivity is decreased to ~0.6 W/m$K at 820 K
due to the intense scattering of phonon. Also, the carrier concentration increases with AgSbSe2 amounts, and a large effective mass of ~ 4m0 at
room temperature appears at a high carrier concentration of ~2  1021/cm3. A relatively high thermoelectric figure of merit ZT of 0.92 at 820 K is
obtained by composition optimization. It is indicated that the SnTe-AgSbSe2 composite should be a promising thermoelectric material.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Thermoelectric materials have attracted much attention due
to their potential application as electrical power generators for
waste heat recovery [1e4]. The efficiency of thermoelectric
material is decided by the figure of merit ZT, defined as
ZT ¼ S2sT/k, where S, s, T, and k are the Seebeck coefficient,
electrical conductivity, the absolute temperature, and thermal
conductivity. The total thermal conductivity consists of an
electronic part ke and a lattice contribution k1. The reduction
of thermal conductivity can lead to the enhancement of ZT
values. An efficient way to decrease the lattice thermal con-
ductivity is to enhance phonon scattering on lattice strain and
grain boundaries by nanostructure [5].* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).Lead telluride (PbTe) and its alloys are the best middle- and
high-temperature thermoelectric materials [6e10]. However,
the environment concerns about the lead limit their applica-
tions. Recently, tin telluride (SnTe) has been expected to
become a possible alternative of PbTe as they have the same
rock-salt structure and similar electronic band structures.
However, SnTe possesses high hole concentrations (~1021/
cm3) and a small band gap (0.18 eV) [11,12], resulting in a
poor thermoelectric performance. Recent studies have shown
that the hole concentration can be reduced by self-
compensation [13] or doping, such as Bi et al. [12,14]. It
has been reported that the band structure can be tuned by
alloying with In [15], Cd [13], Hg [16], Mg [17], Mn [18e21],
leading to a great improvement of the Seebeck coefficients.
The large power factors of over 25 mW/cm$K2 have been
achieved in Hg- [16], Mg- [17], Mn-doped SnTe [18,20],
which is comparable with those of high-performance PbTe-
based materials [7e9].
The thermal conductivity of SnTe is about 8 W/m$K at
room temperature and ~4 W/m$K at 820 K [14,18]. The both
are rather high values for a thermoelectric material. Dopinger B.V. This is an open access article under the CC BY-NC-ND license (http://
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[13,16e21], but the lattice thermal conductivity remains over
1 W/m$K, which confines further improvement of overall
thermoelectric performance in SnTe-based materials. It was
reported that introducing ZnS/CdS nanoscale precipitates
greatly reduces the lattice thermal conductivity. Another
effective approach is to introduce rock salt structured AgSbTe2
and similar compounds, which show a low lattice thermal
conductivity [22]. It is known that AgSbTe2 can form solid
solution-like compounds with PbTe and greatly reduce the
lattice thermal conductivity by point defect and nanostructured
grain boundary scattering, leading to enhanced thermoelectric
performance [23,24]. Recent studies also show the similar
phenomena for SnTe [25e29], where a low lattice thermal
conductivity of 0.7 W/m$K is achieved [29].
As the thermal conductivity of AgSbSe2 is lower than that
of AgSbTe2 [30,31], a better thermoelectric performance could
be achieved in SnTeeAgSbSe2 composites. In this paper, we
report the thermoelectric properties of a series of SnTe-
eAgSbSe2 composites as a promising lead-free thermoelectric
material.
2. Experimental
Commercial elements of Ag (granule, 4N), Sn (granule, 5N),
Sb (chunk, 4N), Se (granule, 5N), and Te (chunk, 5N) were used
as starting materials. The materials were weighted according to
stoichiometry SnTee x%AgSbSe2 (x¼ 0, 0.03, 0.06, 0.09, 0.12,
and 0.15, in mole fraction). The additional 5% Cd was used to
reduce the hole concentration and modify the band structure of
SnTe [13]. The mixture were sealed in quartz tubes under
102 Pa. The tubes were heated to 1123 K in a rocking furnace.
Then the mixtures were grown by a zone-melting method at
1123 K and a speed of 25 mm/h. Only the middle parts of the
ingots were used for the property measurements.
X-ray diffraction (XRD) analysis was performed in a
reflection geometry on a Bruker AXS diffractometer. The
microstructures were investigated by the high resolution
transmission electron microscope (model TF20), attached with
an energy dispersive spectrometer (EDS). The samples were
cut into 10  2  2 mm3 bars for the electrical property
measurements and f 10  2 mm2 plates for the thermal
conductivity measurements. The Seebeck coefficient and
electrical conductivity were measured on a ZEM-3 instrument
(Ulvac, Japan) under a low pressure helium atmosphere from
room temperature to 820 K. The uncertainty of the Seebeck
and electrical conductivity measurements is within 5% [14].
The effective carrier concentration, n, was estimated according
to the relationship n ¼ 1=ðeRHÞ; where e is the elemental
charge, RH is the Hall coefficient. The room temperature RH
was measured by a physical properties measurement system
(Quantum Design, PPMS-9) in a magnetic field range from
0 to 5 T, and the high temperature RH was also measured by a
homemade apparatus. The Hall mobility, m, was calculated
based on the relationship m ¼ sRH : The thermal conductivity
was calculated from the values of the thermal diffusivity, l, the
density, r, and the specific heat, Cp, according to therelationship k ¼ lrCp. l was measured by a laser flash
diffusivity method on a model LFA-457 instrument (Netzsch
Co., Germany) in a temperature range from 300 K to 820 K r
was determined based on the Archimedes principle. The
density of samples is larger than 6.4 g/cm3, and the relative
density is higher than 98.5%. Cp was calculated based on a
previous report [14,18]. The uncertainty of the thermal con-
ductivity was estimated to be within 10%.
3. Results and discussion
All SnCd0.05Te e AgSbSe2 composites after zone-melting
crystallize in the same rock-salt type structure Fm3m as
SnTe, as shown in Fig. 1a. The reflection peaks gradually shift
towards higher angles with increasing AgSbSe2 amount, and
no secondary impurity phase appears. Fig. 1b shows the lattice
parameters calculated according to the reflection peaks. The
lattice parameter, a, decreases with AgSbSe2 fraction, which is
consistent with the difference between the lattice parameters
of SnTe (a ¼ 6.30 Å) [11] and AgSbSe2 (a ¼ 5.7883 Å [30],
5.767 Å [32]). The dashed line in Fig. 1b presents the Vegard's
law of SnTe and AgSbSe2. It is seen that the variation of the
lattice parameter for SnCd0.05Te e AgSbSe2 composites fol-
lows the Vegard's law with some small deviations. Such results
indicate a solid solution-like behavior between SnTe and
AgSbSe2. The similar phenomena were also observed in
AgPbmSbTemþ2 (LAST), where the transmission electron
microscopy (TEM) revealed extensive nanostructure [23]. The
room-temperature carrier concentration for the SnCd0.05Te e
AgSbSe2 composites is calculated assuming a single parabolic
band. Fig. 2a shows the result as a function of AgSbSe2
amount. The carrier concentration increases gradually to
1.8  1021/cm3. In Fig 2a, the carrier concentration of SnTe-
eAgSbTe2 (TAST) also shows an increasing trend with the
AgSbTe2 fraction [27]. Intrinsic SnTe processes massive Sn
vacancies, leading to a high hole concentration (~1021/cm3)
[12]. Additional Cd compensates the vacancies and decreases
the carrier concentration to 3.5  1020/cm3. Also, AgSbSe2
has a low hole concentration of 1018 ~ 1019/cm3 [30,32]. The
high carrier concentrations in the composites may originate
from a complex band structure resulted from the disordered
random distribution of Ag and Sb on the Sn sites.
In Fig. 2b, the room-temperature carrier mobility decreases
with increasing AgSbSe2 amount, from 55 cm
2/V$s2 as
x ¼ 0e~7 cm2/V$s2 as x ¼ 15, approaching the value (7 cm2/
V$s2) of AgSbSe2 [32]. The similar phenomena were observed
in SnTeeAgSbTe2 composites, where the carriers are strongly
scattered by enhanced point defect and interfacial scattering
by nanostructures [29,27].
Fig. 3a shows the temperature dependence of electrical
conductivity for SnCd0.05Te e x% AgSbSe2 composites. At
room temperature, the electrical conductivity first slightly in-
creases with x to ~3050 S/cm as x ¼ 6, and then decreases with
further increasing x to ~1750 S/cm as x ¼ 9. At high tem-
perature, the alloyed composites show higher electrical con-
ductivity (~900 S/cm) than that of ~550 S/cm for the pristine
SnTe.
Fig. 1. (a) X-ray diffraction patterns of SnCd0.05Te e x% AgSbSe2 (x ¼ 0e15) samples. (b) The lattice parameter as a function of AgSbSe2 content. The dashed
line indicates the Vegard's law for the solid solution of SnTe and AgSbSe2.
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and SnTe based materials cannot be modeled with a single
power law dependence of the form s  Td [10,16]. Instead,
two distinct regions with two different d values can be
extracted from the ln seln T plot. In Fig. 3b, the electrical
conductivity is normalized in the logelog scale. Clearly, the
slopes in the high temperature range decrease greatly with
increasing x and those at lower temperatures decrease
slightly. d1 at low temperatures and d2 at high temperatures
are calculated and plotted in the inset of Fig. 3b. d2 decreases
from 2.6 as x ¼ 0 to 0.35 as x ¼ 15% for the composite, and
d1 shows a similar trend. Note that d2 becomes smaller than
d1 as x> 9%. The similar decrease of d values appears in Hg-
doped SnTe [16], but the crossover of d1 and d2 is not re-
ported. The smaller d values indicate a weaker temperature
dependence of carrier scattering in the AgSbSe2-containing
composites.
Fig. 4 shows the temperature dependence of the Hall
mobility. The Hall mobility for all the samples decreases with
increasing temperature. The carrier mobility almost shows aFig. 2. The room-temperature carrier concentration (a) and Hall mobility for SnCd0.
room temperature [27] and 2 K [28] are plotted for comparison. The dashed linesT1/2 dependence, indicating that acoustic phonon scattering is
dominate in the samples. The carrier mobility decreases faster
at high temperatures.
Fig. 3c shows the Seebeck coefficients of SnCd0.05Te e x
% AgSbSe2 composites. The Seebeck coefficients do not
show a strong dependence of x at room temperature. At high
temperatures, the Seebeck coefficients decrease with addi-
tional AgSbSe2, showing an opposite trend to the electrical
conductivity. Such a result is different from the SnTe-
eAgSbTe2 system. Some work reported that the Seebeck
coefficients increase with AgSbTe2 [27,28]. This could be
due to the fact that additional Cd has already enhanced the
Seebeck coefficient of SnTe though effective band conver-
gence [13].
The Seebeck coefficients can be described as
S¼ kB
e
"rþ 5
2

Frþ32ðhÞ
rþ 3
2

Frþ12ðhÞ
 h
#
; ð1Þ05Te e x% AgSbSe2 (x ¼ 0e15) composites. The results for SnTeeAgSbTe2 at
are a guide to the eye.
Fig. 3. The temperature dependence of (a) the electrical conductivity, (b) normalized electrical conductivity, (c) the Seebeck coefficient, and (d) power factors for
SnCd0.05Te e x% AgSbSe2 (x ¼ 0e15) samples.
Fig. 4. The temperature dependence of Hall mobility for SnCd0.05Te e x%
AgSbSe2 (x ¼ 0, 3, 6, 12) samples.
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is the electron charge, and Fj(h) is the Fermi integral,
described by the reduced chemical potential h. For heavily
doped semiconductors, it is given by the equation below
assuming a single parabolic band:S¼ 8p
2k2BT
3h2
m*d
 p
3n
2=3
ð2Þ
where h is the Planck constant. The room-temperature effec-
tive masses, m*, for the SnCd0.05Te e x% AgSbSe2 compos-
ites are estimated by Eq. (2). A high effective mass of ~ 4m0 is
obtained for the high carrier concentration of ~2  1021/cm3,
where m0 is the mass of free electron. A similar large effective
mass (6m0) with the high carrier concentration is also observed
in Ag0.85SnSb1.15Te3 [24]. Such phenomena cannot be simply
clarified by the two valence band nature of the electronic
structure of SnTe, as the effective mass for the heavy valence
band is only ~ 1.9m0 [12]. Oppositely, it may be related to Sn
distribution in AgSbSe2 [33]. The physical origin of the
massive holes in SnCd0.05Te e x% AgSbSe2 composites and
other similar systems is still an open scientific issue.
Fig. 3d shows the power factors (S2s) for SnCd0.05Te e x
% AgSbSe2 composites. The largest power factor is 21 mW/
cm K2 at ~700 K in SnCd0.05Te. With 3% additional
AgSbSe2, the maximum power factor first moves to a higher
temperature of 820 K. The value of 21 mW/cm$K2 is com-
parable with those of SnTeeAgSbTe2 and PbTeeAgSbTe2
[23,27,28]. The power factor decreases with further
169J. He et al. / J Materiomics 2 (2016) 165e171increasing AgSbSe2 amount due to the low Seebeck
coefficients. As x ¼ 15, the power factor only reaches
~15 mW/cm$K2.
Fig. 5a shows the temperature dependence of thermal
conductivity for SnCd0.05Te e x% AgSbSe2 composites.
Undoped SnTe has a rather high thermal conductivity of
~8 W/m$K at room temperature [14,18]. It is slightly sup-
pressed by additional Cd. For SnCd0.05Te, the thermal con-
ductivity is 4.7 W/m$K at room temperature, and decreases
with increasing temperature, approaching 2.2 W/m$K at
820 K. With increasing AgSbSe2 amount, the thermal con-
ductivity decreases gradually except as x ¼ 3. The minimum
thermal conductivity at room temperature in the sample is
~2.5 W/m$K as x ¼ 15, and that at 820 K is 1.8 W/m$K as
x ¼ 12.
The lattice thermal conductivity, kl, is obtained by sub-
tracting the electronic contribution from the total thermal
conductivity, based on the WiedemanneFranz relationship
ke¼LsT. The Lorenz number L is given asFig. 5. The temperature dependence of (a) thermal conductivity and (b) lattice
Fig. 6. (a) The TEM image for the SnCd0.05Te e 12% AgSbSe2 saL¼
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The scattering factor here is 1/2, and the Fermi integral
can be obtained from the Seebeck coefficient (see Eq. (1)). L
can be calculated by fitting the Seebeck coefficient data [34].
Fig. 5b shows the lattice thermal conductivity as a function of
temperature for the SnCd0.05Te e x% AgSbSe2 composites.
Clearly, SnCd0.05Te shows higher kl than other samples in the
whole temperature range. A quite low kl of ~0.6 W/m$K at
820 K is obtained in the sample as x ¼ 12. This value is lower
than the result in SnTeeAgBiTe2 [29], and is very close to the
theoretically minimum thermal conductivity of ~0.5 W/m$K
for SnTe based materials, which is calculated according to the
model by Cahill et al. [35].
The microstructure was investigated using high-resolution
TEM (HRTEM). In Fig. 6a, some precipitates with the size ofthermal conductivity for SnCd0.05Te e x% AgSbSe2 (x ¼ 0e15) samples.
mple. (b) The EDS results for the matrix and the precipitates.
Fig. 7. The temperature dependence of ZT s for SnCd0.05Te e x% AgSbSe2
(x ¼ 0e15) samples.
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by energy dispersive spectroscopy (EDS), as shown in
Fig. 6b, indicate that the nanoscale precipitates may be some
Cd-rich compound with some Sb. The nanoscale precipitates
are proven to be effective to scatter phonons though grain
boundaries, leading to the suppressed lattice thermal
conductivity.
Fig. 7 shows the temperature dependence of ZTs for
SnCd0.05Te e x% AgSbSe2 composites. No obvious depen-
dence between ZT values and x appears. Additional AgSbSe2
does enhance the ZT values of SnCd0.05Te as x ¼ 3 and 12,
mainly due to the reduced thermal conductivity. A maximum
ZT of 0.92 is achieved at 820 K in the sample as x ¼ 3. This
value is comparable with the optimum result (~1.0) in SnTe-
eAgSbTe2 [27,28], indicating that the nanostructured
SnCd0.05Te e x% AgSbSe2 composites should be promising
thermoelectric materials.
4. Conclusions
Lead-free SnTeeAgSbSe2 composites were synthesized by
a zone-melting method. The lattice parameter of composites
decreased with increasing AgSbSe2 amount, which followed
the Vegard's Law. The results by TEM showed some nanoscale
precipitates in the composites. The carrier concentration
increased after introducing AgSbSe2, leading to a suppression
of power factor at high temperatures. The lattice thermal
conductivity significantly decreased due to the strong scat-
tering of phonon by nanostructures to achieve a value of
~0.6 W/m$K at 820 K. As a result, a relatively high thermo-
electric figure of merit ZT of 0.92 at 820 K was obtained by
composition optimization. These results indicated that the
SnTeeAgSbSe2 composite should be a promising thermo-
electric material.Acknowledgments
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